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Adstract 
The principle of utilizing geometric 
ateraction between runway asperities and 
t i r e  pnttcrn design is discussed, and a 
theoretical basis is presented for substaw 
+ial enhoncemcnt of frictional effects by 
this process. Tcst data confirming this 
LE given. First order analytical expres- 
sions are given for the increased friction 
.coefficients and for the engagement dis- 
.tarices required. High speed.friction data 
on a 7.00 x 8 aircraft tire is presented 
3xmTirming this. Example design geome- 
'tries are shown for the tire tread groove 
pattern, and designa and materials are dis- 
cussed for the asperity grid and its at- 
+achment system. 
1. Introduction 
The tread pattern of the prcscnt day 
rircraft tire represents a compromise 
between two factors, wear and resistance 
to wet skid. The role of the familiar 
tread grooves in this type of tire is sin- 
'ply that of expelling water from the con- 
tact patch as the tire rolls in a wet eu- 
vironment. As the arca of the tread 
grooves becomes larger, the number of 
landings  which can be obtained with a giv- 
en tire decreases because the net surface 
area available for contact during the 
%ouch-down and braking portion of the 
lnnding process also decrease. Thus one 
might say thst the geometry of aircraft 
tires is a balance between these two re- 
quirements. 
conditions the aircraft tire depends for 
its traction charactoristics on the abil- 
ity of the tread grooves to channel water 
out of the contact patch. so that the tops 
of the tread lands may sink quickly and 
come into reasonably intimate contact with 
the runway surface. similar in principle 
to the action they undergo under dry con- 
ditions. The braking traction is genera- 
ted between the tops of the tread lands 
and the runway surface by virtue of the 
shear forces there. Obviously, in some 
situations where water depth is BO great 
or speed so high the contact between the 
tread lands and thc runwsy surface cannot 
be effected in sufficirnt t i m  as a point 
on the tread nioves throuzh the contac'. 
patch. Under these cotiditions the avail- 
able  tractive forrcs drrqi Lo alniost zero. 
This is called hydroplaning and is a well 
known phcnomrnon in high spred tires. 
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Ail of the braking traction normally 
8vailable in an aircraft depends on the 
presence of shoar forces between the tread 
lands and the runway surface. In this 
paper we attempt to introduce a different 
concept for aircraft braking, namely the 
use of normal or compressive stre'sses in 
order to effect the braking of an aircraft. 
This is achieved by purposely introducing 
a geometric pattern of positive asperities 
on the runway surface capable of benefi- 
cially interacting-with-a similar negative 
'aspepity pattern molded 'into 'the tread 
surface of an aircraft tire, in such a way 
that the basic water expulsion character- 
istics of the tread grooves are not appre- 
ciably changed. 
11. Principfe of Operation 
We attempt to utilize as B basic prin- 
ciple tho concept of a geometrically reg- 
ular pattern of asperities purposely 
formed onto the surface of a runway. We 
attempt to introduce the principle of 
interaction between this ~psperity. Wt&ern 
and a sfmilai negative gattern of .dep&,s- 
sions molded into the surface .of .an'aiE- 
craft tire in.such a ~ w a y  as to leave' 
.undisturbed the basic water.expulsion 
characteristics of the tread grooves. One 
important characteristic needed for this 
type of design is its ability to last 
throughout the.life of the tire and to be 
relatively free from weathering and en- 
vircnmcntal degradation. For this reascn 
re Chooso to make negative depressions 
in the tread pattern of the tire, along 
with positive asperity protrusions on 
the runway surface. This combination 
clearly has practical advantages over its 
opposite counterpart, as can be seen from 
considerations of tire wear, noise and 
the maintenance of clean depressions. 
in the tire surface with a matching posi- 
tive pattern on the runway surface, one 
has a meshed system with gear-like char- 
acteristics capable of substantially 
greater tractive force than equivalent 
unmeshed surfaces, provided that register 
or geometric engagement may be assumed 
between the two patterns. To maximize 
the likelihood of this in cases where 
vehicles have variable direction. we use 
an essentially square pattern of individ- 
ual protrusions on the runway surface 
corrcsponding exactly to a pattern of 
negative depressions molded into the tread 
surface of the tire. This is shown in Fig. 
1. lie call this an interactive tire-run- 
ray system. 
Given a negative pattern of depressions 
1 
Figure  1. Schematic V i e w  of Tire and 
Roadway w i t h  Uatching , In te rac t ing  Pa t t e rns .  
( 0 )  Tire Running Out of Regis te r .  
A major problem w i t h  t h e  concept i l l u s -  
t r a t e d  in Fig. 1 is t h a t  of a s s u r i n g  prop- 
er register between t h e  p r o t r u s i o n s  on r h e  
runway and t h e  corresoondina deoress ions  I w  
i n  t h e  t i re  p a t t e r n .  -One c inno i  be as- 
s u r e d . t h a t  t h e  two s e t s  of pat terns  w i l l  
be in alignment when the  pa t t e rned  t i r e  
f i r s t  meets t h e  p a t t e r n e d  runway. A s tudy  
of t h i s  problem has  been one of t h e  major 
o b j e m i v e s  of t h i s  research .  I t s  s o l u t i o n  
may be more r e a d i l y  conceived by consid- 
e r a t i o n  f i r s t  of t h e  t w o  t i o s s i b l e  states  
of running as i l l u s t r a t e d  by Fig .  2 .  
I n  F ig .  2a is shown t h e  t i r e  runninc OLT \ -7 
of r e g i s t e r  with t h e  p r o t r u s i o n s ,  w i t h  r h e  
axle he igh t  given by H + 6 ,  where H is t h e  
loaded r a d i u s  of t he  t i re  and 6 t h e  he ight  
of t h e  p r o t r u s i c n s .  In  Fig. 2b t h e  s m e  
H 
i m - 
i 
t ire is-shown now running In  register wi th  
t h e  p r o t r u s i o n s ,  w i th  t h e  a x l e  height  be- 
i n g  t h e  loaded t i re  r a d i u s  H. Flg. 3 
i l l u s t r a t e s  t h e  p o t e n t i a l  energy associ- 
ated wi th  these two States. and ShoKinK 
(b) T i r e  Running In  Regis te r .  
I t h a t  t h e  s t a t e  of lower n o t e n t i a l  energr  .I*- .~ ~ ~ ~ ~~~ .. 
.. . .  
. .  ~. . 
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Figure  'Z.'".. is associated w i t h  t h e  t i r e  running in-. 
. . .. , .. . . :  : I . .  ' 
regi5ter as shown i n  Fig. 2b. This  would 
imply t h a t  under cond i t ions  of s u f f i c i e c t  .. *'; . .,:: .. . : .  . 
:. .:' 1 . .  
. .  1 
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randomness, such as are normally encoun- 
t e r e d  i n  t h e  running of a t ire on a runway, 
t h e  t i re  would t end  toward t h e  lower ener- 
gy state i.e.,  complete alignment of t h e  
, .  
..  .. , 
p r o t r u s i o n s  and depress ions .  Based on ,, . .  
such reasoning ,  one may p o s t u l a t e  t h e  , .  . ' !  fo l lowing  p r i n c i p l e :  
Given a geometr ic  p a t t e r n  of pro t ru-  
of depress ions ,  one o n  t h e  su r fnce  
of t h e  t i r e  and one on t h c  s u r f a c e  
. .  of a runway, t h e  r o l l i n g  t i r e  K i l l  
seek engagemcnt of t h e  two p n t t e r n s  
by v i r t u e  of t h e  f a c t  t h a t  t h e  en-  
gaged s t a t e  Is a s ta te  of l ouc r  en- 
ergy l e v e l .  
Wt:ilc t h i s  concept scerns thooreticnll~ 
sound, i t  needs t o  be s u h s t a n t i a t c d  by Figure 3. P o t e n t i a l  Energy of T i r e  
. .  ~ )* .. sions and a matching geometr ic  p a t t e r n  . .  
. .  
'W direct expc!rimental evidence.  Running Out  o f  and In Register. 
2 
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111. Theory of F r i c t i o n  Ef fec t  
A t h e o r e t i c a l  approximztion for t h e  
valuc of tho f r i c t i o n  f o r c e  ob ta inab le  
w i t h  a n  i n t e r a c t i v e  tire-runway system can 
be obta ined  using e n e r g y  concepts  as  a 
b a s i s .  Consider t h e  t i r e  under braking 
t r a c t i o n  a8 shown ' ?  F i G  4 .  The t ire i n  
t h i s  modc acts as a n  elustic sprin(;, s i n c e  
i ts  fore-nPt s t i f f n e s s  is a w e l l  known 
t i r e  p r o p e r t y  and may he measured r e a d i l y .  
Le t  t h i s  Pore-ult sp r ing  rate be denoted 
by k 
P=Broking Farce - 
FsNormoI Force 





Figure  4.  Forces Acting on Engaged Pro t ru-  
sion. 
The energy s t o r e d  i n  t h e  t i r e  by v i r t u e  of 
the  braking  fo rce  P is given by 
The work doue i n  d i s lodg ing  t h e  p ro t rus ion  
o f  height 6 and ra i s ing  t h e  normal force F 
a d i s t a n c e  6. uhich is t h c  mechanical 
equ iva len t  of completely disengaging t h e  
two p a t t e r n s ,  is 
W - F ' d  
Equating t h e w  x i  v c s  
P [2kFS11/2 
T h i s  is t h e  t r a c t i v e  force a s s o c i a t e d  
w i t h  l i f t i n g  t h e  normal force F a dis- 
tance  s u l f i c i e n t  fo r  disengagement of t h e  
p i n  wi th  a corrusponding depress ion .  Cn- 
d e r  condition:: of a cpr ta in  amount of ran- 
domness it w i l l  r ep resen t  t h e  maximum 
force avni lnble  t o  the  t i r e  on t h e  runway. 
I t  does not depend o n  t h e  o rd ina ry  shear-  
i n g  f o r c e s  of surface contact between the  
t i re  and t h e  runway but  r a t h e r  on t h e  nor- 
mal compres!;lvc Torccs hetweon the  s i d e s  
of t h e  p i n  and t h e  s i d e s  of  t h e  correspon- 
d ing  depression.  In  o r d e r  t o  account f o r  
t h e  usua l  f r i c t i o n  c o e f f i c i e n t  a v a i l a b l e  
between the Lire and t h c  runway, one Fust  
add a t r a c t i v e  force to  Eq. (1) i n  o rde r  
to account for  t h i s  a d d i t i o n a l  f r i c t i o n  
effect .  This g ivcs  a more complcte va lue  
for t h c  maxinium t r a c t i v e  fo rcp  a v a i l a b l e  
i n  t h e  form u1 Eq.  (2 ) :  
(2 )  P = uoF + [ 2 k F 6 ]  112 
w h e r c  11 in ths '  i nhe ren t  f r i c t i o n  c o e f f i -  
c i e n t  b8twer.n t h e  two materials. 
Eq. (2) may also be  rewrit ten i n  terms 
of t h e  U z U Q l  notatLon of 3 f r i c t i o n  co- 
s f f i c i e n t ,  de f ined  as t h e  rxtio of t h e  
tractive f o r c e  P to t h e  normal force F. 
T h i s  g ives  
+ [2k6/F11/2 " a f f e c t i v e  "0 
"0 + " in t e rac t ion  (3) 
While t h i s  formula t ion  is admittedl-7 
approximate, it is i n t e r e s t i n g  t o  examine 
t h e  a s p e r i t y  h e i g h t s  necessary  t o  o b t a l n  
va r ious  levels of  f r i c t i o n  c o e f f i c i e n t s  
on a runway su r face .  In  doing t h i s ,  i t  
should be noted t h a t  g e n e r a l l y  speaking 
t h e  second term of Eq. (3) is  t h e  dominant 
tam which c o n t r o l s  t h e  major fraction of 
t h e  a v a i l a b l e  f r i c t i o n  c o e f f i c i e n t  i n  w e t  
o r  inclement condi t ions .  This term in-  
vo lver  a ra t io  of t h e  t i re  fore-aft sttff- 
ness  t o  i ts  v e r t i c a l  load. While t h e r e  
is no f i x e d  va lue  f o r  t h i s  ratio.  exarnin- 
at ion of  t h e  tire s t i f f n e s s  d a t a  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  seems t o  i n d i c a t e  t h a t  
generally speaking t b e  t ire fo re -a f t  stiff- 
ness increases as t h e  t i re  r a t e d  l o a d  also 
inc reases .  Therefore it would be expected 
t h a t  over  a wide range of t i r e  sizes t h e  
ra t io  k /F  would remain more or less t h e  
same orde r  of magnitude. Th i s  is con- 
firmed by some approximate c a l c u l a t i o n s  
which are shown i n  Table  1. 
selected because s u f f i c i e n t  d a t a  about 
them wa8 a v a i l a b l e  and, i n  cases of t h e  
f i r s t  two, expe r inen ta l  measurements on 
e f f e c t i v e  f r i c t i o n  c o e f f i c i e n t s  w i l l  be  
presented  la ter  i n  this paper .  
The e f f c c t i v e  depth of t h e  dep res s ions  
in t h e  t i re  u i l l  change as the  t i re  t r e a d  
wears, j u s t  as  t h e  groove area of t h e  t i r e  
also decreases  wi th  wear. This  means t h a t  
t he  e f f e c t i v e  f r i c t i o n  c o e f f i c i e n t  w i l l  
decrease somewhat as t h e  tire progresses 
from t h e  new to  the  f u l l y  worn state.  
Th i s  is a fa r tor  i n  a s ses s ing  t h e  va lue  
of t h i s  process ,  but  t h e  d e t e r i o r a t i o n  of 
e f f e c t i v e  f r i c t i o n  c o e f f i c i e n t  should be 
no more seve re  than  t h e  d e t e r i o r a t i o n  of 
Water expuls ion capabi l i t i es  since both  
depend on e x a c t l y  t h e  same phenomena. 
t h a t  very modest a s p e r i t y  h e i g h t s  are 
s u f f i c i e n t  t o  provide q u i t e  l a r g e  addi- 
t i o n a l  f r i c t i o n  c o e f f i c i e n t s .  For exam- 
p le ,  t h e  7.00 x 8 t i re  can be provided 
wi th  an a d d i t i o n a l  f r i c t i o n  c o e f f i c i e n t  
of near ly  1.0 by use  of a s p e r i t y  he igh t  
of only  3/16 of an inch ,  which is not  much 
larger thnn is normally a v a i l a b l e  on a 
rough open praded a s p h a l t  su r f ace .  A more 
convent ional  f u l l - s i z e  t i re  such as 30 % 
11.5-14.5 can be provided wi th  a d d i t i o n a l  
f r i c t i o n  c o e f f i c i e n t  of 1 .0  by use of 
asper i ty  hc lght  of 0 . 8  inches ,  provided it  
is placed i n  a r egu la r  p a t t e r n .  T h i s  is 
The t h r e e  tires chosen i n  Table  1 were 
The c a l c u l a t i o n s  given i n  Table  1 show 
3 
Table 1 Calcula ted  Vales of uA ded 
._ T i r e  Load F Fore-di t  S t i f fness  k Asperi ty  Height uIntersction 
( C a l c u l a t e d l  \h./ l b s .  l b a / i n .  6 in. 
Scale Model of 
(4.5" Dia) 
40 X 12 40 160 0.08 0.8 
7 .00  x 8 1100 2300 o.ia75 0.02 
30 X 11.5-14.5 20,000 13,000 0.8 1.02 
not  an excess ive  a s p e r i t y  h e i g h t  am! could 
be t o l e r a t e d  by normdl non-patterned t i r e s  
without damage to  them. 
IV.  Theory of Engagement 
F r i c t i o n  c o e f f i c i e n t s  d i scussed  i n  t h e  
preceding s e c t i o n  are a v a i l a b l e  only when 
t h e  p r o t r u s i o n  p a t t e r n  on t h e  runaay f u l l y  
engages t h e  matinc depression p a t t e r n  on 
t h e  t i r e  s u r f a c e .  Vh i l e  cons ide ra t ion  o f  
minimum energy l e v e l s  i n d i c a t e s  t h a r  t h e  
engagement t ends  t o  occur  under a slJte 
of randomness such  as normally would be 
t h e  case as t h e  t i re  runs  on a runai?  sur-  
f a c e ,  i t  is d i f f i c u l t  t o  ascertain t h e  
l e n g t h  or d i s t a n c e  of runway needed f o r  
such engagement. Some very a p p r o x i m t e  
computation on such d i s t a n c e  may be  per- 
formed by cons ide ra t ion  of t h e  p r o b a b i l i t y  
of occurrence of engagement. based on 
W r e l a t i v e  area ratios.  If a squa re  p a t t e r n  
of spac ing  a ia used f o r  b o t h  t h e  depres- 
s i o n  and p r o t r u s i o n  p a t t e r n s  as  shouz i n  
Fig.  5 ,  then t h e  t o t a l  are% assoc laced  





Fig.  5 .  Square P i t c h  P ro t rus ion  P a t t e r n  
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That f r a c t i o n  o f  t h e  net t o t a l  area w h i c h  
w i l l  allow engacencnt of t h e  p r o t r u s i o n  
i n  t h e  depression p a t t e r n  is i l l u s t r a t e d  
Ln Fig,  6'as betng t h e  area d e l i n e a t e d  by 
the l o c a t i o n  o f  t h e  c e n t e r  of t h e  p ro t ru -  
s i o n  i n  a c i r c u l a r  r eg ion  of diameter 
D-d . 
Figure  6. Area of Engagement. 
T h i s  g i v e s  as  aiea of p o s s i b l e  engagement 
equa l  t o  n(D-6) 14. This  means t h a t  t h e  
p r o b a b i l i t y  of engagement p is given by 
. ( 4 )  2 2  p = n(D-d) 14s 
The p r o b a b i l i t y  of not  engaging is given 
by 
9 - 1 - P  ( 5 )  
and r e q u i r e s  a d i s t a n c e  s f o r  d e c i s i o n .  
The p r o b a b i l i t y  of not coming i n t o  regis- 
ter a t  least  once under c o n d i t i o n s  of 
random placement o f  t h e  p r o t r u s i o n  p a t t e r n  
on t h e  depression p a t t e r n  is given by q", 
where n is t h e  number of spac ings  s tra- 
versed.  This means t h a t  t h e  p r o b a b i l i t y  
of engagement as a func t ion  of number of 
spac ings  s t r a v e l e d  may be p l o t t e d  di-  
rec t ly ,  s i n c e  t h e  p r o b a b i l i t y  of engage- 
ment is given by 
(6) 
The gene ra l  form of t h i s  r e l a t i o n s h i p  is 
given i n  Fig. 7 .  
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DISTANCE TRAVERSED 
Figure 7. Probability of Engagement Y S  
Distance Traveled. 
V. Flat Plank Experiments 
It was felt that the most economical 
way to obtain experimental data on this 
concept was to carry out both small scale 
model experiments and experiments on a 
small commercial aircraft tire. 
Small scale experiments were conducted 
on a scale model of a 40 x 14 aircraft 
tire, reduccd in size by a factor of ap- 
proximately eight to an outside diameter 
4.5 inches. This tire was manufactured 
especially for scaled shimmy studiaz and 
was made from the same type of cord and 
rubber used in the full scale tire. I t  
was geometrically similar in all respects 
and further maintained scaled similarities 
between the various elastic stiffnesses 
of the model tire and i ts  full scale pro- 
totype. 
Several of these tires were modifled by 
forming regular patterns of deprcssiors in 
their tread surfaces. 
a dynmomncter wheel which was modified by 
attaching a regular pattern of positive 
protrusions on its surface. These latter 
protrusions were made by casting a series 
of epoxy plates with the protrusions in 
them. 
These were run on 
Several important results were obtained 
from the model expcriments which influ- 
enced dcsign thinking on the larger scale 
work. These were: 
a) The best position for location 
of the depression pattern is in 
alignment with the trend p'ooves 
in terms of rapid engagement of 
the two patterns. 
b) The hest location for the de- 
pression pattern is in the 
treud 1and:s in tcrnis of max- 
imum available friction co- 
efficient. 
* pattern with the tire depres- . 
ston pattern occurred when the 
roadwheel was broupht up to 
speed and the stationary scale 
model tire was suddealy brought 
into contact with it, simula- 
ting the landing of nn aircraft. 
High speed photography failed t.0 
detect any sliding of the tire 
over the protrusion surface, and 
this was coa€irmcd by the ab- 
sence of abrasion and tearing 
of the surface of the tire. 
Since these results seemed to be en- 
couraging, design work was begun on a 
7 .00  x 8 aircraft tire in order to examine 
the feasibility of th is  concept for a 
normal connnercial tire. 
02 the protrusion pattern, it was de- 
cided to concentrate on a cylindrical 
protrusion with an essentially square 
pitch arrangement, with the depressions 
in the tire surface locater2 on the tread 
grooves in order to facilitate rapid en- 
gagement. Fig. 8 shows the pattern used 
in the tire while a photograph of the 
finished tire running on its mating sur- 
face is shown in Fig. 9. 





Figure 8 .  Tread Pattern for 7 . 0 0  x R 
Alrcrnft Tire. 
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Figure  9. 
Surf ace. 
The &epression p a t t e r n  i n  t h e  7.00 x 8 
tires was obta ined  by recapping these  tireE 
in a mold e s p e c i a l l y  adapted f o r  t h i s  pur- 
pose. The p o s i t i v e  runway p ro t rus ion  
p a t t e r n  was formed by c u t t i n g  small cy l in -  
d r i c a l  s e c t i o n s  from round steel b a r  s tock  
and spo t  welding these  t o  a 20 gage steel 
s h e e t ,  which in t u r n  could be r i g i d l y  at- 
tached t o  an ordinary  highway sur face .  
I n  t h e  first series o f  experiments t o  
be r epor t ed ,  t h e s e  pa t t e rned  t i r e s  were 
run on s h e e t s  of  t h e  type j u s t  descr ibed 
in a f l a t  plank machine where brake f o r c e  
c o e f f i c i e n t s  could be measured accu ra t e ly  
under c o n t r o l l e d  cond i t ions .  T h i s  machine 
c o n s i s t s  of a f i x e d  instrumented yoke 
which loads  a t i r e  aga ins t  a t r a n s l a t i n g  
h o r i z o n t a l  bed p lane .  
Slow speed drag c o e f f i c i e n t s  were 
measured in t h i s  f l a t  plank machine a t  
A i r c r a f t  T i r e  Running on Mating 
. .  . .~ 
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f a t e d  t ire d e f l e c t i o n s .  The mehurements 
were ' c a r r i ed  out  'on both  tires 'in 'wet and 
d r y  cond i t ions .  Due t o  t h e  s h o r t  l e n g t h  
Of t h e  plank,  c a r e  had t o  be t aken  t o  be 
sure t h a t  t h e  engagemeat was complete in 
those t e s t s  involving t h e  i n t e r a c t i o n  of 
depress ions  and p ro t rus lons .  These slow 
8peed t e s t s  r e s u l t s  a r e  summarized in 
. .- 
Table 2.  * " w :  
In t h e  f i r a t  series of experiments.  
plala and pa t t e rned  t i r e s  are compared on 
b o t h  p l a i n  and pa t t e rned  su r faces .  Since 
t h e  t r e a d  compounds a r e  somewhat d i f f e r e n t  
In t h e  two t i r e s  the r e s u l t s  from p ia in  t o  
pa t t e rned  t ire may not be compared d i r e c t -  
ly, but each t i r e  may be observed t o  re -  
ffit d i f f e r e n t l y  on t h e  p l a i n  and P a t t e r n e d  
6ur face  and uader dry and wet cond i t ions .  
The conclusions which may be drawn 
from the  f l a t  plank drag da ta  a r e  as 
fol lows : 
a. The p a t t e r n e d  t i r e  running on 
t h e  pa t t e rned  s u r f a c e  g ives  by 
o f a r  t h e  h ighes t  a v a i l a b l e  f r i c -  
t ion  c o e f f i c i e n t s  of  any of t h e  
combinations t e s t e d ,  being ap- 
proximately twice a s  g rea t  as 
t h e  c o e f f i c i e n t  ob ta ined  w i t h  
t h e  smooth t ire on t h e  same 
s u r f  ace.  
t i o n  =he i n t e r a c t i v e  t i r e  on 
t h e  pa t t e rned  s u r f a c e  shows 
no l o s s  of  f r i c t i o n  c o e f f i c i e n t .  
This is fhe  only combination of 
tire and su r face  t e s t e d  which 
d i d  not  show such  a l o s s .  
3. From t h i s  d a t a  we conclude t h a t  
it should be p o s s i b l e  t o  o b t a i n  
f r i c t i o n  c o e f f i c i e n t s  of  t h e  
o rde r  of one o r  g r e a t e r  under a 
s u b s t a n t i a l  speed range using a 
pa t t e rned  t i r e  on a pa t t e rned  
s u r f  ace. 
2. Under cond i t ions  of wet t r a c -  
Table 2 Low Speed Peak C o e f f i c i e n t s  
S t e e l  Surfaces-Flat  Plank Data 
Standard T i r e  T i r e  With  Depression P a t t e r n  
Dry Wet D r y  Wet 
Smooth 
Runway 0.45 0.37 1.09 0.68 
Surface 
P a t t e r n  






VI. T r a i l e r  Experiments The Nnway s u r f a c e  was formed by fab- 
.ricstl.6g 20 sections. e a c h  8 -feet long, 
of 20 gage steel  sheet t o  which were s p o t  d ns concerning t h e  ease  of engagement of welded smsXf c y l i n d r i c a l  s teel  slugs as 
a p a t t e r n e d  t i r e  with a p a t t e r n  of p r o t r u  previously desc r ibed .  These were welded 
sions on a runway s u r f a c e ,  a series of t o  t h e  plate using a spacing template  f o r  
outdoor tests was planned to  b e  conducted accu ra t e  l o c J t i o n  of t h e  p r o t r u s i o n  pat-  
at moderate speeds.  The :?paratus used tern. Th i s  160 f o o t  long t r a c k  was then 
to do t h i s  w a s  a braking t r a i l e r  designed pu t  down on a normal a s p h a l t  highway by 
and b u i l t  f o r  t h e  Un ive r s i ty  of  Xichigan b o l t i n g  wi th  l s a d  anchors t o  t h e  highway. 
by t h e  Texas Transpor t a t ion  I n s t i t u t e .  
T h i s  t r a i l e r  was towed behind a larce lWo types of tests were conducted. In 
- . t r u c k  tractor used for t i l e  t e s t i n g  pur- t h e  f i r s i t .  t h e  i n t e n t  waa merely t o  mea- 
poses  by t h e  Highway Sa fe ty  Re'search In- s u r e  t h e  d i s t a n c e  needed f o r  t h e  t ire 
s t i t u t e  a t  t he  Universi ty  of  Michigan. with depression p a t t e r n  t o  come i n t o  com- 
The t r a i l e r  is b a s i c a l l y  a 3-point device,  plete register with t h e  p a t t e r n  of  posi-  
with a s i n g l e  test wheel and a 2-point t i v e  p r o t r u s i o n s  on t h e  runway. The 
h i t c h  a t  t h e  rear of t h e  t r a c t o r .  Speeds method f o r  measuring this d i s t a n c e  was 
up to approximately 40  t o  50 miles an hour  a p a r t i c u l a r l y  s imple one. Small f l e x i b l e  
could be ob ta ined  wi th  t h i s  device.  The p l a s t i c  aapsu le s  of  a water s o l u a b l e  p a i n t  
t r a i l e r  is equipped w i t h  R convent ional  were bonded t o  t h e  i n s i d e  of  t h e  depres- 
a i r c r a f t  brake 80 that reasonably l a r g e  s ions in t h e  tire t r e a d  p a t t e r n ,  a t  t h e  
brake to rques  may be app l i ed  to t h e  tes t  bottom of t h e s e  depressions.  T h i s  meant 
wheel. A v a r i e t y  of tes t  t i r e  sizes may t h a t  t h e  t i r e  could run  normally on t h e  
be accommodated but  f o r  purposes of t h i s  f l a t  runway s u r f a c e  without breaking t h e  
experiment t h e  7.00 x 8 tire size was t h e  p a i n t  f i l l e d  capsu le s ,  and f u r t h e r  could 
o n l y  one used. T h i s  t ra i ler  is shown .in run out  of  register on t h e  p a t t e r n e d  
Fig.  10. surface without breakina them. As soon 
n o r d e r  to r e s o l v e  a number of ques- 
7 
v 
Figure 10. Braking T r a i l e r .  
Table 3 Comparison of  Measured 
as r e g i s t e r  occurred,  however, t h e  cy l in -  
d r ica l  p ro t rus ion  e n t e r e d  t h e  depression 
f a r  enough t o  rup tu re  t h e  p a i n t  capsule .  
l eav ing  a d e f i n i t e  s p o t  of p a i n t  on t o p  
of t h i s  p r o t r u s i o n .  This method proved 
very e f f e c t i v e  i n  measuring t h e  d i s t a n c e s  
needed f o r  engagement. These are com- 
pared in Table 3 with t h e  c a l c u l a t e d  d i s -  
tance based s o l e l y  upon t h e  geometry of 
t h e  p r o t r u s i o n  and depre6SiOn s u r f a c e s ,  
u s ing  Eq. (6). From t h e  comparison of 
t h e  experimental  r e s u l t s  and t h e  calcu-  
l a t e d  r e s u l t s  given in Table 3, one may 
conclude : 
a )  The theo ry  of area p r o b a b i l i t y  
engagement based upon random 
contact  g ives  r e s u l t s  which a r e  
t h e  same o r d e r  of magnitude as 
those  observed in experiment. 
and Calculated Engagement Di s t ances  
~ Measured   calculated 
Engagement Engagement 
Run Conditions Distance Distance U s i n g  
Eq. 6 .  
1 Dry ,  z e r o  8' Pe - 0.99 
Pe - 0.999 
.~ - Dis tance  = 4 '  brake to rque  
12 ! 1, 2 
- . ̂. .. . Distance = 6 '  
based on 
d - 0.629 in. 
. ~, .~ 4 ~ . Dry, 400 p s i  ~ , . 3.1' brake p res su re  
brake torque 
6 Wet, z e r o  8.6' D - 0.75 in. 
2.8'  B - 1.25 i n .  7 I ,  v 
. .  ~~ 
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b) Engagement t a k e s  place more 
r a p i d l y  under wet cond i t ions  
t h e n  under dry cond i t ions .  
r a p i d l y  w i t h  h r : i k e  Lorque 
p resen t  th2.i wi . th  brakc torque 
absent .  
T e s t  da tn  was oktcdned on a pat terned 
c )  Engagement t akes  place more 
t i re  rtinr.ici', o v c r  this p r o t r u s i o n  s u r f l c e  
on a day in which r a i n  was cons t an t  and 
heavy. A t t w p t s  were mzdc t o  o b t a i n  mux- 
imum braking force values  by a d j u s t i n g  
brake energ iz ing  p r o s s u r e s  upward u n t i l  
t i r e  locking occurred.  I n  general i t  is 
not p o s s i b l e  to locate peak forces i n  t h i s  
way s i n c e  t h e  va r ious  r u n s  had t o  be con- 
ducted a t  f i x e d  l e v e l s  of brake p res su re .  
The r e s u l t s  of t h e s e  tests are given i n  
Table 4 ,  and iron t h a t  t a b l e  i t  may be 
seen t h a t  t h e  pa t t e rned  tire o p e r a t i n g  
on t h e  wet s u r f a c e  of p r o t r u s i o n s  gave 
f r i c t i o n  c o e f f i c i e n t s  at  least twice a s  
g r e a t  as those  obta ined  w i t h  t h e  same tire 
o p e r a t i n g  on wet a s p h a l t .  T h e  a s p t c l t  i n  
ques t ion  was a r e l a t i v e l y  coarse t e x t u r e d  
a s p h a l t  and was judged by fee l  t o  be 
above-average t o  e x c e l l e n t  i n  its f r i c -  
t i o n a l  c h a r a c t e r i s t i c s .  
I t  rhould  be c o t e d  t h a t  t h e  improve- 
ments demonstrated i n  Table  4 were accom- 
p l i s h e d  by use of a c y l i n d r i c a l  &pres-  
s i o n  p a t t e r n  on ly  3/16 of an inch high, 
one t h a t  could be inco rpora t ed  i n t o  a 
r e l a t i v e l y  sinal1 7.@0 x 8 a i r c r a f t  t i r e  
by recapping t h e  t i re  without changing 
t h e  tire carcass i n  any way.  
Care should be  t a k e n  i n  i n t e r p r e t f a g  
t h e  comparison of t h e  c a l c u l a t i o n s  i n  
Table  4 with  t h e  measured va lues .  The 
c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  f r i c t i o n  
e f f e c t  added by t h e  presence of t h e  pro- 
t r u s i o n  p a t t e r n  is 1012 pounds as  i n d i -  
cated i n  t h e  l a s t  column. The i n f l u e n c e  
oP t h e  inhe ren t  f r i c t i o n  c o e f f i c i e n t  be- 
tween t h e  t i re  s u r f a c e  and t b e  w e t  metal 
plate a t  t h e  speeds i n d i c i t c d  is not  
known, bu t  i n  any e v e n t  t h e r e  would be 
some f r i c t i o n  c o n t r i b u t i o n  from t h a t  
source.  Therefore  it appears  t h a t  t h e  
theo ry  of Eq. (3) would i n d i c a t e  a fr-ic- 
t i o n a l  va lue  somewhat higher  t han  t h a t  
a c t u a l l y  obta ined  b y  experiment. Due t o  
t h e  nature  o f  i t s  d e r i v a t i o n ,  Eq. (3) may 
be thought  of as g iv ing  a n  upper l i m i t  t o  
t h e  added f r i c t i o n  a v a i l a b l e  with t h e  
i n t e r a c t i v e  e f f e c t .  
The problero of forming t h e  reculrrr  
geometric p a t t e r n  of depres s ions  i n  t h e  
s u r f e c e  of an a i r c r a f t  t i r e  is not  a 
d i f r i c u l t  one,  The depress foo  p a t t e r n  
proposed he re  is al igned w i t h  t h e  ex i s -  
t i n g  groove p a t t e r n  used t.0 expe l  wa te r ,  
and anould i n  no way i n h i b i t .  t h a t  fun;- 
t i o n .  As a m a t t e r  of Pact,  due t o  t h e  
a d d i t i o n a l  open areas p r e s e n t  it may 
a c t u a l l y  aid i n  e x p e l l i n g  water  i n  a 
n n m a l  rlrcww s u r f a c e .  so t h a t  t h c  pa t -  
t e r n  used and proposed here may a c t u a l l y  
be  b e n e f i c i a l  i n  regard t o  wet s k i d  trac- 
t i v e  c a p a b i l i t y  when used on normal run- 
way s u r f a c e s .  It may. however, e x h i b i t  
f i l i gh t ly ,g rea t e r  rates of wear. T h i s  
is as y e t  unknown and b u s t  wai t  t h e  re- 
s u l t s  of f i e l d  trials. There is a s  y e t  
no s a t i s f a c t o r y  method of measuring a i r -  
c r a f t  t i re  tread wear I n  t h e  l a b o r a t o r y .  
I n s o f a r  as t h e  runway is concerned, 
i t  is clear t h a t  it would n o t  be econ- 
omical ly  p o s s i b l e  t o  manufacture large 
runway s u r f a c e  areas from metall ic con- 
s t r u c t i o n s  such as used he re .  The i r  use 
i n  this..work was s imply a matter of con- 
venlenoe i n  r ega rd  t o  i n i t i a l  development 
cost. A number of sugges t ions  have been 
explored for t h e  manufacture of large- 
scale p r o t r u s i o n  p a t t e r n s  wh ich  could be 
used economically i n  t h e  overrun areas 
of e a i s t i n g : a i r ,  f i e l d s .  .Perhaps t h e  
most f e a s i b l e  sugges t ion  is t h i t  of form- . 
ing a rcz::inr g r i d  or lattice work of 
p r o t r u s i o n s  from some r e l a t i v e l y  tougb 
p l a s t i c ,  such as toughened ABS o r  P'iC, 
and bonding t h i s  grid-work sur face  t o  
t h e  e x i s t i n g  runway. The 8. F. Coodriih 
Cbemical Corporat ion h a s  r e c e n t l y  d rve l -  
oped an extremely t i g h - s t r e n g t h  f a n l l s  
of toughened a c r y l i c  r e s i n  adhesives  
marketed under t h e  name of TA?!E, and 
f i e l d  t r ia ls  w i t h  it have shown t h a t  i t  
w i l l  r e t a in  good bond c h a r a c t e r i s t i c s  
over a severe w i n t e r  cycle. In o r d e r  
t o  maintain proper  geometric spac ing ,  
a s h c e t  o f  p las t i c  could be  hot  formed 
and bonded down t o  t h e  s u r f a c e  q K i t c  
inexpensively.  Fig. 11 shorbs a ~ 5 2 : ~ -  
graph of a pro to type  s h e e t  of t h e  5:iz.t 
s i z e  as used f o r  t h e  7.00 x 8 aircraf t  
t i re  tes ts .  T h i s  s h e e t  was formed with 
t h e  la t t ice  members t o  provide proper 
spacing and geometric c o n t r o l  on ly .  
are not  intended as being s t r u c t u r a l l y  
f u n c t i o n a l  and could a c t u a l l y  be 
They 
Table  4 Braking Force Vs. Speed 
Pa t te rned  T i r e  Karma1 Force on T i r e  1100 l b s .  
Speed, mph Wet Asphalt Ic t  P a t t e r n e d  Ca lcu la t ion  Eq.  (3 )  





















: cons ide red  as disposable .  It would 110 scussed  be re  ove r  an ent i r  
b e  necessary t o  bond thom t o  t h e  SuffQc nway. Its use appears to be most im- 
o+ tie runway. portant i n  overrun areas where t h e  
a v a i l & b i l i t y  of high f r i c t i o n  c o e f f i -  
cients under a11 climatic c o n d i t i o n s  
bonded highway c e n t e r  markers and reflec- could be assured.  From t h e  d a t a  pre- 
tors f o r  some t i m e ,  and it is recognized .entad, it appears  t h a t  t h i s  cou ld  i n  
t h a t  i n  areas of moderate t o  mild climate fact  b e  accon,plished and t h a t  such a sys- 
nuch bonding p rocesses  are q u i t e  p r a c t i -  tem would b-. e f f e c t i v e  i n  preven t ing  
ca1 with convent ional  epoxy. It is be- overruns on e i t h e r  m i l i t a r y  or commercial 
a i r c r a f t .  Tur the r  developments m u a t  
q h e  s t a t e  of C a l i f o r n i a  has used 
- 1 i e v e d  t h a t  with t h e  more modern TAME 
- . system j u s t  mentioned, bonding p rocesses  await larger scale t e s t  work. - could be c a r r i e d  out s u c c e s s f u l l y  any- 
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Figure 11. Samp€e Grid. 
V I I I .  Appl icat ion 
The most important a p p l i c a t i o n s  for 
t h e  i n t e r a c t i o n  e f f e c t  between t ire and 
runway appear t o  be in t hose  a i r c r a f t  run- 
way a r e a s  where high f r i c t i o n  c o e f f i c i e n t s  
are very important.  Two of these which 
come t o  mind immediately are: 
Overrun areas a t  t h e  ends of 
f i e l d  runways. 
Landing mats which could eas i ly  
b e  formed wi th  such a p ro t ru -  
sion s u r f a c e .  
There may be o t h e r  p o t e n t i a l  appl ica-  
t i o n s  where such a high f r i c t i o n  surface 
would he highly d e s i r a b l e ,  such as a heli- 
c o p t e r  landing pad on shipboard or o t h e r  
areas where gus t .  sidewind or s h i p  p i t ch -  
i n g  produces unfavorable aircraft landing 
cond i t ions .  
While t h e  f u l l  s c a l e  c h a r a c t e r i s t i c s  
o f  such a s y s t e m  in l a r g e  commercial 
res still must be i n v e s t i g a t e d ,  there  
t a g e  t o  using t h e  i n t e r a c t i o n  system 
' a) commercial or m i l i t a r y  air- 
b) 
w s  no t  seem t o  be a n y  p a r t i c u l a r  advao- 
.'I ,: ~. 
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